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Abstract 
 
The purpose of this project was to create a viable furniture product by utilizing the 
various phases of the product development process. The project began in Phase 0 with 
market research, formulation of an initial idea, and a product pitch to an “executive” 
board to check the viability of the idea. Then, the idea was developed into a concept with 
Phase 1 by finalizing an initial concept and looking into the potential customer. Next, the 
product concept was prototyped through several iterations of trial and error in Phase 2. 
By Phase 3, the product design was finalized, and an initial costing estimate and 
production process layout was generated. Lastly, production trials began in Phase 4. 
Various production layouts and process flows were designed, implemented, and studied 
until an optimal layout and process flow was achieved based on an assigned customer 
demand. Though production ramp-up, Phase 5, was not fully carried out, future 
considerations for the product as well as important conclusions from the product 
development process were considered instead. An important conclusion of the project 
was the merits of lean manufacturing and the importance of the product development 
process when designing a new product.  
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BACKGROUND: Lean Manufacturing and 
the Product Development Process 
The goal of many modern organizations today is to minimize costs while producing 
valuable products that customers have a demand for. In order to achieve these goals, modern 
manufacturers often rely on the concept of lean manufacturing.  
Lean manufacturing was originally derived from the Toyota Production System (TPS), 
which was developed by Taiichi Ohno in Japan in the 1970’s [1]. TPS focuses on just-in-time 
manufacturing principles, which states that inventory should not exceed the amount required for 
the immediate demand for a material or product. According to the “Lean Manufacturing” excerpt 
of Encyclopedia of Management, “[Just-in-time manufacturing] has often been expressed as a 
holistic management system aimed at reducing waste, maximizing cost efficiency, and securing a 
competitive advantage… [by utilizing] small lot sizes, short set-up and changeover times, 
efficient and effective quality controls, and … designing the whole production process to 
minimize backups and maximize the efficiency of human and machine labor” [2]. These 
principles were carried over to the United States in the 1990’s, where they were hesitantly 
embraced and then developed into the modernly used lean manufacturing principles. Due to its 
basis in TPS and just-in-time manufacturing, lean manufacturing places an emphasis on waste 
elimination by reducing all resources utilized, including time, to the minimum necessary [1].  
The principles of lean manufacturing define seven “wastes,” or “items that add no value” 
[3]. The seven wastes are: transport, inventory, motion, waiting, over-processing, overproduction, 
and defects. Transport waste involves the efficiency of material movements, which do not 
generate value for the product, only costs, and should therefore be reduced as much as possible to 
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increase profits. Inventory is waste because it costs money, and the money spent on inventory 
remains tied up in the inventoried material or product until it is used or sold. Additionally, 
inventory takes up space and packaging, which adds a further cost concern. Motion waste is 
excessive waste or travel from one area to another, especially within a workstation. Even one 
second of time wasted per unit produced can become costly, because if 10,000 units are produced, 
10,000 seconds, or 2.78 hours, are wasted. Waiting waste is another time, and therefore money, 
waste, because waiting disrupts process flows and, in extreme cases, can cause manufacturers to 
pay for employees to sit idly. Over-processing waste usually involves unnecessary process steps 
or attempts to use large, complicated processes when they are uncalled for. Overproduction waste 
is often the product of batch manufacturing or focusing on speed of manufacturing rather than 
quality of manufacturing. Overproduction is almost worse than underproduction of product, 
because with overproduction, the cost of making the product has already been incurred even 
though the product may not be sold. Defect waste involves quality errors that make a product 
unusable. Even if the defect does not affect the functionality, certain levels of quality must be 
maintained in manufacture to please customers. Manufacturing processes should be studied in 
detail in an effort to increase the value-added work, eliminate these wastes, and as a result 
increase both profit and customer satisfaction [3].  
In order to help determine areas of waste, time studies are often used, especially in 
manufacturing. However, sometimes time studies can be difficult to interpret in a standard 
fashion. As a result, takt time is often used to analyze time studies. “Takt” is German for “rate” or 
“rhythm,” and takt time is meant to keep all operations within a production process moving at the 
same rate [4]. According to Chris Ortiz, takt time is “the time to complete a unit in order to meet 
the designed output of a given process” [4]. This means that each operator in a manufacturing 
process should be operating at the same time, called the takt time, in order to be able to produce a 
completed product at the designated output rate. Takt time is calculated by dividing the total 
hours that the product will be worked on by the product volume for that period of time. For 
3 
 
example, if the production volume for a product was 480 units every 8-hour shift, the takt time 
for the product would be 60 units per hour or 1 unit per minute, and each operator process within 
that line would have to finish their process within 1 minute in order to meet the takt time demand 
[4].  
The product development process is a process utilized by engineers to help design, 
prototype, and manufacture products. There are several variations of the product development 
process, but they all essentially accomplish the same thing: providing a guideline with an iterative 
process in an effort to make the design process more streamlined and less confusing. In this 
project, the six-phase product development process was used.  
Phase 0 of the product development process is the planning phase of design, which is 
usually a quick assessment of the production viability and potential markets for the products. This 
phase leads to the approval of the project, so finding information that supports production of the 
product is essential during this time, including a marketing analysis, evaluation of production 
constraints, and financial analysis on the potential cost of the venture. Once all of this information 
is gathered, it is presented to executives who determine whether the project should advance to the 
next phase [5].  
The next phase, Phase 1, is a more detailed version of Phase 0. The customer is 
researched more thoroughly to ensure that the product will meet their demands. Additionally, the 
product concept is generated as the basis for the detailed product design later [5].  
Then, the product moves into system-level design with Phase 2. This is where the product 
is reviewed seriously from a design perspective, altering the concept and solidifying the product 
features. Additionally, a tentative price may be set at this point based on cost estimates for 
material and labor [5].  
After system-level design is complete, detail design begins with Phase 3. During Phase 3, 
the product design is finalized as all testing and reconfiguring for the product has been completed. 
Additionally, the eventual manufacturing process layouts are considered in detail to obtain a 
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tentative idea of what the process will be to produce the product. At the end of Phase 3, all of the 
information generated from Phase 0 through to Phase 3 are evaluated and reviewed to ensure that 
the product should move forward to the next phase of the product development process [5].  
Once the product passes the Phase 3 review, it enters Phase 4: testing and refinement. 
The product is manufactured using the tentative layout from Phase 3, and improvements are made 
to the process to align with lean manufacturing principles of waste elimination and process 
improvement. Additionally, marketing and sales fine-tune product launch items such as 
advertising and a sales plan. Phase 4 ends with another important product review, and all aspects 
of the product, from the materials needed to manufacture it to the advertising that would be used 
to sell it, are evaluated thoroughly. The detailed review is necessary because after Phase 4, large 
sums of money have to be committed as the product would be locked in for production and sale 
[5].  
Finally, once Phase 4 and all of the preceding phases are thoroughly discussed, Phase 5 
can begin with production ramp-up. This is when the manufacturing of the product begins, and 
operators on the manufacturing line start moving up the learning curve as they become familiar 
with their processes. Special attention is paid to defects and quality concerns so that they can be 
fixed as quickly as possible. Over time, product production ramps-up, until the full production 
capacity of the product line is met and the product is officially launched to the public. Often, 
another review is performed to note the lessons learned from the design process for use with 
future product development projects [5].  
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PHASE 0: Planning 
The goal of this project was to utilize lean manufacturing principles and apply the 
product development process to make a new furniture product. The product had to have a viable 
customer base that could be researched, using a customer focus group, throughout the course of 
the product’s design. At the end of Phase 0, the product idea was pitched to a board of 
“executives” that selected the most viable projects to move forward with prototyping. 
 
0.1. Market Research 
In the modern day and age, there has been an increasing number of apartment rentals and 
a decreasing amount of living space. The current average apartment size is approximately 889 
square feet, an 8% reduction from the average of about 960 square feet 10 years ago [6].  
Millennials and college students are accustomed to this trend toward small living spaces. 
The current millennial lifestyle trend is to rent apartments and purchase “affordable, 
multifunctional, and smaller furniture that suits… urban and dynamic lifestyles” [7]. 
Additionally, college students often take advantage of student housing options, which have a size 
range of 200 to 350 square feet, which is often a downsize from the average 2,600-square foot 
household that they are moving from [8, 9].  
Parallel to the reduction in housing size is a reduction in furniture size and an increase in 
the usage of multi-functional furniture. As renting becomes more common and apartments 
become smaller, there is a projected parallel increase and need for multi-use pieces in living 
spaces. In fact, the market for folding furniture, a section of the multifunctional furniture market, 
is projected to reach $13 billion by 2022 [7].  
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Some examples of multifunctional furniture pieces in the market today include a 
convertible chair futon, which can roll out into a twin-sized bed, or a set of tables which can be 
stacked into a shelving unit. Additionally, there is a bookcase that converts to two chairs and a 
table, a coffee table that can be extended upwards into a dining table, and an ottoman that can be 
converted into five chairs [10]. Multifunctional furniture prices can range from $15 to $150 at 
retailers such as Target, while options in major furniture stores such as Wayfair range from $20 to 
$4,800 [11, 12].  
 
0.2. Initial Idea 
In order to serve this tiny-living market, an idea was formulated to create a piece of 
furniture that could serve as a shelf, stool, and table all in one by making small conversions to the 
unit. The inspirations for the product were small ottomans, which were found to vary in size from 
about 15” to 18” [13, 14, 15]. It was understood that the unit would most likely need to be 
generated from several different components that could be moved and stacked to create the shelf, 
stool, and table, but the concept focused on a two-piece product to maintain simplicity. Rough 
digital sketches of the product concept can be found in Figure P0-1 and Figure P0-2.  
 
 
Figure P0- 1:Furniture solution product concept: digital sketch #1 [8] 
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Figure P0- 2: Furniture solution product concept: digital sketch #2 [8] 
In order to estimate costs for the tentative concept, potential product materials and their 
approximate prices were used to generate a cost estimate. The cost estimate fell around $51-$61 
per unit, based on: $40-$50 for 3/4-inch, 4ft by 8ft hardwood plywood; $0.20 per screw for 12 
screws; $6 per bottle for a half-bottle of glue; and $10 per can of wood stain for half a can of 
wood stain [8].  
Additionally, manufacturing operations were considered when developing the product 
idea. Tentative manufacturing operations included a table saw to cut all of the required panels 
shown in Figure P0-2, a drill to bore holes for screws, screwdriver to install the screws, wood 
glue to ensure good joint fastening, and wood stain to finish the unit.  
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0.3. Product Pitch 
The market research, product idea, sketches, dimensions, tentative materials, and 
tentative manufacturing plan were compiled into a product pitch. The pitch was an opportunity to 
present to an “executive” board why the furniture concept should be chosen to move forward in 
the design process. The product pitch was presented in front of an “executive” board of Center for 
Manufacturing Excellence instructors, who evaluated each project based on its production 
viability on the manufacturing floor and its potential appeal to a customer base. After the review, 
the board determined that the furniture concept was a viable idea that could continue on to the 
next phase of the product development process: Phase 1.  
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PHASE 1: Concept Development 
Once the product pitch was confirmed and allowed to move forward in the design 
process, the initial sketches for the compact, ottoman-sized piece of furniture were revisited to 
ensure that they could be developed into full concepts. Additionally, the market and customer for 
the product was investigated in further detail. The product would be aimed towards a target 
market of consumers living in condominiums, apartments, dormitories, or other smaller living 
options.  
 
1.1. Initial Concept 
After careful consideration, it was determined that the original sketches in Figure P0-1 
and Figure P0-2 that were used in the product pitch were developed enough to also use as 
concept sketches. They were extremely detailed, with a preliminary dimensioning scheme drawn 
to scale.  
Next, the product was given a name. In order to communicate the functionality of the 
furniture, the product was named “The Stackable Shelf, Stool, and Table” or “SS&T.”  
 
1.2. Customer/Target Market 
In order to simulate customer demand from this target market, volunteers were used to 
act as a focus group and help give customer feedback for the SS&T product throughout the design 
process. Initially, the University of Mississippi Housing Department agreed to aid the design 
process for the SS&T by providing feedback about the product, from its design to its price and so 
on. This would allow outreach to the college student portion of the customer base, through the 
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mediator of the Housing Department, providing feedback as to student wants and desires for 
additional furniture within their dorm rooms.  
However, the partnership with the Housing Department fell through, and the simulated 
customer was changed to a more general focus group: a selection of freshmen students. The new 
customer was a more accurate representation of the student portion of the target market as the 
group of students provided direct insight into how freshmen students would react to the product. 
It also had the added benefit of direct customer interaction, rather than having to act through an 
intermediary that would interpret the students’ customer demands.  
Throughout the product design portion of the engineering design process, a line of 
communication was maintained with the focus group. This communication was vital to the 
prototype design as it helped develop certain key features of the final product.  
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PHASE 2: System-Level Design 
Next, the real design of the SS&T began with the prototyping process. During 
prototyping, lean manufacturing principles were kept in mind in order to make manufacturing 
process implementation simpler later in the design process. Several iterations of design were 
formulated throughout the prototyping process for the SS&T. 
 
2.1. Alpha Prototype: Design 
The first iteration of the product, called the alpha prototype, focused on sizing the product 
and selecting the finishing operations that would be performed on the final SS&T product. During 
concept development, the SS&T was dimensioned so that it would have a size similar to that of 
an ottoman. After considering the manufacturing implications of the design, a few of the 
dimensions were altered so that each unit could be cut out of one half of a sheet of plywood in an 
attempt to maximize the material usage. This also allowed the alpha prototype design to eliminate 
material waste, as lean manufacturing principles were considered from the beginning of the 
design. See Figure P2-1 for a depiction of the Creo Parametric drawings for the alpha prototype.  
Once the unit was sized, a rough prototype was built in order to further investigate the 
pros and cons of the product. An important consideration when assembling the unit was the 
fasteners selection. Several options for different fasteners were researched and discussed in detail 
during the alpha prototype phase, as the design being sturdy was critical to the functionality goal 
of the product. Initially, the discussion on fasteners centered around using either cam locks 
similar to those found in furniture products requiring home assembly or wood glue and nails. 
However, the cam locks would have required additional assembly operations, such as 
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countersinking holes so that the locks could be assembled, and would have added additional cost 
factors. Wood glue and nails was selected as an alternate fastening option that could be tested for 
viability after the alpha prototype fabrication. 
 
 
Figure P2- 1: The alpha prototype concept 
Fabrication of the alpha prototype involved using available scrap wood cut to the correct 
panel sizes and fastened together with wood glue and nails. This allowed the design to be 
physically viewed and tested so that additional changes could be determined. The focus of the 
testing was the wood glue and nails as fasteners for the product, which proved to be a viable 
fastener. Since the wood glue and nails were successful, they were selected as the assembling 
medium and the cam locks were deemed unnecessary. 
After the initial assembly of the alpha prototype, the finishing operations to apply to the 
SS&T product had to be considered. In the first iteration of testing finishes, a light stain with a 
polyurethane sealant mixed in was used on the piece. See Figure P2-2 for a depiction of the 
initial stain on the alpha prototype.  
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Figure P2- 2: The three different configurations of the alpha prototype with wood stain 
The light wood stain did well on the flat surfaces of the product, but it created zebra-
striped edges in the layered plywood edges of the SS&T. As a result, an alternative finishing 
operation, painting the product, was researched in an attempt to mask the edges without having to 
use edge-covering material such as a thin wood veneer. Both a spray on and a paint on option 
were investigated for the black paint, but after applying the paint to the alpha prototype, the spray 
option provided the benefits of both an even coat and a cost savings in the form of labor time 
saved. Once the black paint dried, it covered up the unevenly colored edges of the prototype, as 
desired.  
However, the finish on the surface of the product was rough and prone to flaking since 
the paint was sprayed onto the unit. This was undesirable as there was a risk of the residue 
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coming off of the product and staining customers’ floors, walls, or other furniture. In an effort to 
fix the problem, a spray polyurethane was applied to the prototype to seal and protect the surface. 
However, the same problem occurred again as the surface of the finished prototype was rough 
and dried polyurethane flaked off the product whenever it was touched or moved. Hypothesizing 
that the issue with the rough surface and flaking was a product of the spray application, a liquid 
polyurethane was painted onto to the alpha prototype. After the unit dried, the surface of the unit 
was smooth and had no observable flaking, so even though painting on the polyurethane 
manually went against lean manufacturing principles by adding labor cost and potential over-
processing to the product, it was determined necessary for quality assurance.  
Parallel to the quality concerns of the finishing operations, quality concerns of the 
structural integrity of the SS&T were also considered. Several of the design areas, such as the top 
portion of the stool, were areas of possible shear failure. In order to remedy this issue, two 
different design alterations were considered.  
The first design alteration was to add a fourth panel to the stool unit for additional 
support. The fourth panel was meant to provide additional stabilization of the originally three-
sided stool unit and help prevent collapse through stool leg failure. This design, named “beta 
prototype” to differentiate it from the existing alpha prototype, was drawn up using Creo 
Parametric, and can be seen in Figure P2-3.  
The second design alteration considered was to cut angled pieces of wood and insert them 
into the inside corners of the stool as added support structures. Since adding corner pieces to the 
unit was a simple design change, the corners were added to the existing alpha prototype in 
preparation for a meeting with the SS&T customer base. See Figure P2-4 for a depiction of the 
corner pieces that were added to the alpha prototype before it was painted. Both the physical 
representation of the corner structure and the drawing of the fourth panel shown in Figure P2-3 
were presented to the customer simultaneously.  
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Figure P2- 3: The beta prototype concept 
 
Figure P2- 4: The corner pieces added to the stool unit 
 
The decision on which structural design to choose could then be made based partially on 
customer feedback and partially on stress testing of the unit, which was performed later in the 
design process. See Figure P2-5 for a depiction of the finished alpha prototype as it was 
presented to the customers.  
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Figure P2- 5: The finished alpha prototype 
 
2.2. Alpha Prototype: Cost Estimates 
As part of the design process, the various costs incurred during prototyping were 
considered in an effort to estimate the potential cost and price of a mass-produced SS&T product, 
ensuring that the design was viable and could produce a profit margin between 15-40% at a 
reasonable sales price. The material cost for each prototype was broken down to a per unit basis 
by dividing the total cost of the material by the amount of material used in one prototype. All 
material costs also accounted for any scrap produced during the production process.  
In order to estimate the student labor cost from the alpha prototype, the opportunity cost 
for the students assembling the unit was determined. This opportunity cost was derived from 
Mississippi’s minimum hourly wage rate, which was $7.25 per hour, since the time spent building 
the prototype caused students to forego spending the time working for minimum wage [16]. For 
machine time, the cost was estimated by using each machine’s $40 per hour rate and multiplying 
it by the amount of usage on each machine. Overhead costs were taken into account with the 
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profit margin calculation performed on the total material and labor cost per unit, as some of the 
profit margin could cover overhead costs as they were incurred. Additionally, since the cost was 
estimated based on prototyping and small-scale production costs, freight costs were not included 
in the initial estimate. A full breakdown of the alpha prototype costs can be found in Table P2-1.  
Table P2- 1: Material Cost and Sales Price Information – Alpha Prototype [8, 17] 
Material Cost Cost per Unit 
 Semi Gloss Fast Drying Polyurethane [18] $3.00 
 Red Oak Plywood (3/4"   4 ft.   8 ft.) [19] $24.99 
 Wood Glue [20] $0.99 
 Walmart – Spray Paint [21] $11.36 
 Walmart – Spray Paint 2 [22] $3.86 
 Nails – 1 inch [23] $1.33 
 Sandpaper [24] $0.67 
Total Material Cost per Unit $46.20 
Labor Cost Cost per Unit 
 Student Labor Cost (4 labor hours) [16] $29.00 
 Machine Labor Cost (0.583 labor hours) [25] $23.33 
Total Labor Cost per Unit $52.33 
Total Material and Labor Cost per Unit $98.53 
Sales Price Estimate (with 30% profit margin) $140.76 
Final Sales Price $149.99 
 
The labor costs shown in Table P2-1 were rough estimations based on the total 
fabrication time for the alpha prototype. When determining the desired profit margin, it was 
decided that starting at a higher product price and then lowering it if necessary created a better 
customer image and relationship than starting at a lower product price and then having to raise it 
in order to meet costs. Therefore, the sales price shown in Table P2-1 was based on a 30% profit 
margin, which fell within the desired 15-40% range. The margin accounted for eventual 
production overhead costs, such as property taxes, janitorial fees, insurance, production 
supervision, etc. The final estimated sales price of $149.99 that resulted from the 30% margin 
was comparable to other customer furniture costs that were researched. This tentative sales price 
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was used when discussing product features with the customer base so that feedback could be 
obtained from all aspects of the SS&T product.  
 
2.3. Alpha Prototype: Customer Considerations 
Once the alpha prototype was fabricated and the initial cost estimates were made, the 
finished product and sales price were presented to the customer. During the initial customer 
review, the customers said that the black paint on the alpha prototype was too dark of a finish on 
the SS&T for modern decorating themes and requested that the finishing color be changed to a 
lighter wood stain. This request was carried forward in the design process as altering the finishing 
operations was a relatively simple design change.  
Additionally, when the customers were presented with the two different designs, the beta 
prototype and the corner supports, that were meant to increase the structural integrity of the 
SS&T product, they preferred the corner supports in the interior of the stool over adding a fourth 
panel to the stool. The customers voiced worry that adding the bottom portion to the stool would 
make it difficult to remove the top portion of the SS&T when the product was in the shelf 
configuration. With the addition of a fourth panel to the stool, items would have to be removed 
from the unit if the customer wanted to change the orientation of the SS&T from the two-tiered 
shelf, where the stool sat on top of the base to provide the middle and upper shelves, to the table 
and stool configuration. Leaving items on the middle shelf as the stool was removed from the 
base would risk dropping and breaking the items. In the alpha prototype concept, the stool sat on 
top of the base to provide the upper shelf, leaving the base to provide the middle and lower 
shelves, so the stool could be removed from the base without having to remove any additional 
items from the middle shelf. Since the beta prototype design would potentially detract from the 
functionality of the product and would affect the number of customers willing to purchase the 
SS&T, the beta prototype was scrapped in favor of the corner supports, pending the successful 
stress testing of a unit with the corner pieces installed.  
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The final customer concern was the pricing of the SS&T product. The customers declared 
that the cost of the product was too high for a college student to willingly purchase at the sales 
price of $149.99 per unit. They requested that the product price be reduced to $100 or less. This 
request required thorough considerations of the future SS&T design and manufacturing processes, 
which aligned with the goal of applying lean manufacturing principles to the design and 
manufacture of the SS&T. As a result, this request played a large role in the future iterations of 
the engineering design, both in product design and manufacturing process design.  
 
2.4. Gamma Prototype 
Once the customer feedback was obtained from the alpha prototype, the design 
improvements for the prototype were implemented with the gamma prototype. Since the design 
dimensions and layout from the alpha prototype were accurate, the same dimensioning scheme 
was used for the gamma prototype. See Figure P2-6 for the schematic of the gamma prototype. 
 
 
Figure P2- 6: The gamma prototype concept 
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Since the alpha prototype was made from scrap wood of an unknown type, the gamma 
prototype was fabricated from red oak plywood, which was the intended final material for the 
SS&T based on the initial design. The goal of fabricating the unit from red oak plywood was to 
finalize the finishing operations as they would appear on the final product and to test the 
structural integrity of the unit.  
As a part of the engineering design process, design for manufacturing was considered 
when assembling the gamma prototype even though the product manufacturing process was not 
fully developed. In an effort to help with the manufacturing processes later, the wood stain and 
polyurethane seal were applied after the sheet of red oak plywood was cut into parts for the 
gamma prototype and before the prototype was assembled. After the stain and polyurethane dried, 
the prototype was assembled. Finishing the panels before assembly offered a wide, flat surface to 
apply the stain to, which would theoretically create a much easier manufacturing process later by 
eliminating the lean motion waste of having to flip the unit to apply the stain and sealer to each 
side.  
Additionally, fixtures were built in an effort to help streamline the prototyping process 
and help with the manufacturing process later on. During the alpha prototype assembly, holding 
each piece of the product square while the nail gun was applied proved difficult for a single 
assembler and required two to three assemblers to ensure a quality assembly. The fixtures that 
were created helped guide the edges of the product together so that they aligned perfectly for each 
prototype assembly and could be assembled using only one team member if necessary. The 
fixtures helped to partially remove both defect and motion waste in the assembly process, cutting 
down costs by removing the extra operator and reducing the movements performed by the 
assembly operator.  
After assembly, the gamma prototype was determined to be structurally unsound due to 
wobbling within the unit joints. After the wood glue dried, the unit was tested by applying 
shearing forces to the sides. The unit collapsed almost immediately under the shearing force, 
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falling over into a flat pile of panels and proving that the unit was structurally unsound. After 
investigation, it was determined that sealing the unit panels before assembly had prevented the 
wood glue from bonding with the wood fiber, causing weakness in the structure, which resulted 
in the instability of the first gamma prototype. In an effort to address all safety concerns 
immediately, it was determined that all future products had to be assembled before finishing, and 
all of the prototypes fabricated after implementing the countermeasure were structurally sound.  
The polyurethane seal preventing the wood glue from adhering properly was not the only 
issue that arose during the fabrication of the gamma prototype. First, the red oak material 
displayed rough edges after being cut by the panel and table saws. In order to ensure the product 
quality, the rough edges required additional sanding and added to the product cost. Additionally, 
the red oak material soaked up the wood stain, resulting in an extremely dark finish, almost the 
same color as the original black painted product. This result did not align with the customer 
feedback of using a lighter finish. Due to the issues with the red oak plywood, a different material 
to better fit the design requirements was researched.  
 
2.5. Delta Prototype: Design 
After the failure of the material selections and pre-finishing methods in the gamma 
prototype, a new prototype, called the delta prototype, was created. The delta prototype had the 
same dimensioning scheme and material layout as the gamma prototype, as seen in Figure P2-6. 
However, as a result of the research to replace the red oak plywood with a different material, 
birch plywood was determined to be a viable alternate option. The birch plywood had a smoother 
finish and a lighter color, which met the customer request for a lighter unit color, and it was also 
cheaper, at $22 cheaper per panel of plywood, which met the customer request for a cheaper unit.  
The main concern during the delta prototyping phase was confirming the structural 
integrity of the unit and determining the final finishing operations. Several of the design areas, 
such as the top portion of the stool, were areas of possible shear failure. The stool design needed 
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to withstand the weight of a 200-lb person sitting or standing on it, and to ensure further safety, 
the stool also had to withstand 75-lb of dynamic force. The dynamic element was added to ensure 
safety in case something were dropped on the stool from a distance or a person sat down on the 
stool rather harshly. The base design needed to withstand the weight of books, computers, and 
other shelf or table items that might be placed on the base during its viable lifetime. Since the 
customers rejected the beta prototype design of adding a fourth side panel to the stool for 
structural support, the alternate design of adding structural support corners to the stool was tested. 
A total of eight corner support pieces were added to the stool, four along the top perimeter of the 
stool and four within the interior of the stool. See Figure P2-7 for potential stress areas on the 
unit, indicated with red arrows.  
 
 
Figure P2- 7: Potential points of shear failure, indicated with red arrows 
The goal static weight for the stool and base units was 250lbs or more, and the goal 
dynamic impact was at least 75lbs of dynamic force. To test the stool and base of the SS&T 
dynamically, 75lbs of concentrated weight was dropped from a distance of 1ft above the top 
surface of both the stool and base. The amount of damage resulting from the test was determined 
by measuring the height of the base and the stool before and after the dynamic testing was 
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performed. Besides light denting from the dropped weight on the surfaces of each object, both the 
stool and the base survived with no significant damage to the structure as there was less than a 
1/16-inch deflection for each piece of the unit.  
To test the stool and base statically, both objects were measured to obtain control 
measurements, and then 250lbs of static load was loaded to the stool and another 250lbs of static 
load was loaded to the base. The static load was left for 24 hours, and then the stool and base 
heights were re-measured. After static testing, no significant damage to the structure was detected 
as the deflection was again less than 1/16-inch. 
Once the unit was stress-tested, finalizing the finishing operations became the design 
focus. In addition to switching SS&T material to birch plywood, the unit was neither painted nor 
stained in an effort to keep the coloring light. The delta prototype was left raw, receiving only a 
thin layer of polyurethane that was brushed on after assembly. This decision made finishing 
easier and more cost efficient, though the visible plywood edges in the finished delta prototype 
were a concern. The raw look was presented to the customers in order to receive additional 
feedback on the direction of the engineering design before proceeding. See Figure P2-8 for a 
depiction of the final delta prototype that was presented to customers. 
 
 
Figure P2- 8: The final SS&T prototype in its three configurations 
Even though the focus of the delta prototype was stress-testing and finishing operations, 
the design for manufacturing principles were also implemented. Through the iterations of 
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prototyping alpha, gamma, and delta prototypes, the panels for the product were often cut to 
incorrect dimensions, which created undesirable scrap and waste. Since all of the panels in the 
SS&T were not the same size, the panels being cut on the table saw were often different 
dimensions. This meant that the table saw stop had to be adjusted for almost every single cut, 
which wasted labor time in the stop changeover process and material if the stop was not set to 
precisely the right dimension. As a countermeasure, saw stops were fabricated to use with the 
table saw. The stops ensured that the same dimension would be cut each time the saw was used, 
but they did not fully remedy the long changeover times and motion waste issues. Ways to further 
eliminate the process waste and improve efficiency were considered as the engineering design 
process continued to the manufacturing phase.  
 
2.6. Delta Prototype: Time Study 
In order to generate a more accurate cost estimation, the processes for the delta prototype 
fabrication were timed. The times taken also served as indicators of areas for improvement and a 
baseline of comparison for future processes. The results of the time study for the delta prototype 
can be found in Table P2-2.  
Table P2- 2: Process Time Study for the Delta Prototype 
Process Step Time (s) 
Panel saw operation (cutting plywood in half) 20 
Table Saw (all panels from 4ft x 4ft plywood) 190 
Sanding Belt 302 
Assembly (Nailing/Gluing Process) 630 
Miter Saw (corner pieces) 181 
Final Assembly 186 
Polyurethane Coating/  
Misc. Additional Student Labor Time* 
2991 
Total Time: 
4,500 sec  
(~75 min) 
*- The Polyurethane Coating/Misc. Additional Student Labor time 
was a calculated value, generated by subtracting the overall 
process time for the fabrication, which took approximately 75 
minutes, minus the first six process step times (Panel saw 
operation through Final Assembly) 
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The total cycle time in Table P2-2 for the production of a single unit of the SS&T was 75 
minutes, based upon the rough times taken during prototyping. The total cycle time for one unit 
was expected to decrease during mass production of the SS&T product due to increases in 
efficiency of each process. The additional efficiency would stem from the division of labor 
amongst each process, which would allow each team member to move up the learning curve for 
the process by performing the task repeatedly. This initial cycle time served as a baseline for 
future process improvements to help judge whether the process changes actually eliminated waste 
and decreased process times or just moved the work around.  
 
2.7. Delta Prototype: Cost Estimates 
As with the alpha prototype, a costing estimate was performed for the delta prototype in 
an effort to estimate the final product costs and determine a reasonable sales price. The material 
costs again accounted for scrap costs, and the profit margin also accounted for potential future 
overhead costs. The cost breakdown for the delta prototype can be found in Table P2-3.   
Table P2- 3: Material Cost and Sales Price Information – Delta Prototype [8, 17] 
Material Cost Cost per Unit 
 Semi Gloss Fast Drying Polyurethane [18] $3.00 
 Birch Plywood (3/4" x 4 ft. x 8 ft.) [26] $14.00 
 Wood Glue [20] $0.99 
 Nails – 1 inch [23] $1.33 
 Sandpaper – 1 sheet [24] $0.67 
Total Material Cost per Unit $19.99 
Labor Cost Cost per Unit 
 Student Labor Cost (3.53 labor hours) [16] $25.59 
 Machine Labor Cost (0.37 labor hours) [25] $14.70 
Total Labor Cost per Unit $40.29 
Total Material and Labor Cost per Unit $60.28 
Sales Price Estimate (with 20% profit margin) $75.36 
Final Sales Price $79.99 
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In comparing Table P2-1 for the alpha prototype and Table P2-3 for the delta prototype, 
it could be seen that more materials were used in the alpha prototype than in the delta prototype. 
This was due to the alteration of the finishing process, which was more extensive for the alpha 
prototype. The delta prototype design eliminated most of the finishing steps and finishing 
materials such as the paint and stain products, leaving the polyurethane and final sanding 
processes as the only finishing materials and operations and saving both material and labor cost. 
Additionally, changing the material from red oak, which was roughly $50 per sheet of plywood, 
to birch, which was $28 per sheet of plywood also supplied another area for cost savings. These 
design changes cut the material cost per unit by over $20, which was a significant cost savings 
that helped meet the customer request of a cheaper product.  
The labor costs shown in Table P2-3 for the delta prototype were lower than the labor 
costs for the alpha prototype. This was most likely due to the assembly process improvements of 
the fixtures and saw stops that were implemented for use during the manufacturing process. 
Additionally, a more detailed, step-by-step time study was performed for the delta prototype to 
serve as a baseline for future time studies. This resulted in a more accurate labor cost estimation 
and decreased labor cost by $12.04. 
The last change to the costing of the delta prototype was to reduce the profit margin to 
20%. The reduction was presumed to still cover potential overhead costs such as production 
supervisor and facilities costs later on. This reduction in profit margin, coupled with other cost-
saving and waste-eliminating activities, allowed the team to lower the product price to meet the 
customer target of $80 per unit. As seen in Table P2-3, the final sales price was $79.99 after 
rounding up to the nearest $0.99 value to conform with pricing norms. 
 
2.8. Delta Prototype: Customer Considerations 
The finished delta prototype, depicted in Figure P2-8, was presented to customers for 
another review. The customers were excited that the cost of the unit had been driven down to 
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their requested $79.99 per unit, but they also voiced concerns about the unfinished edges of the 
birch plywood. The benefits of leaving the edges raw were a cost savings in time and labor 
required to finish the unit, which led to a lower price, and the raw edges aligned with modern 
decorating trends. However, the costs of leaving the edges raw were a risk of looking unfinished 
and alienating customers who disliked the modern, raw wood trend. Additional discussion 
regarding adding a veneer to cover the raw edges of the unit revealed the benefits and costs of 
changing the design of the product edges. The veneer strips had the benefit of making the unit 
look more clean and finished, but this came at the cost of additional time and labor requirements 
that would drive the product price up. Ultimately, the customers agreed that the benefit of the 
lower product price outweighed the cost of leaving the edges raw and that product demand would 
be higher at the lower price.  
Due to the successful customer feedback from the presentation of the delta prototype, the 
engineering design process continued on to the next phase: Detailed Design.  
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PHASE 3: Detailed Design 
 After the customer delta prototype review, the design of the SS&T was determined to be 
complete enough to move forward into the detailed design phase of the process. This phase of 
design involved confirmation of the final SS&T design and an initial process layout and process 
flow, while simultaneously considering the costs associated with the design and manufacturing 
processes.  
 
3.1. Final Design 
The final design of the SS&T product consisted of half of a sheet of birch plywood, 
which was cut into eight pieces: three 16”x16” pieces, two 16”x14.5” pieces, two 16”x13.5” 
pieces, and one 16”x13” piece. One of the 16”x14.5” pieces and the two 16”x13.5” pieces were 
used to fabricate the stool. The rest of the pieces were used to create the base portion of the SS&T 
product. Each connecting point between pieces of birch plywood received a bead of wood glue 
and four nails to hold them firmly in place. Once the unit was fully assembled, it was finished 
with a layer of clear polyurethane to seal and protect the SS&T surface from wear and tear as the 
product was used.  
Once the design of the SS&T was finalized, a Bill of Materials was developed for the 
final materials required to fabricate one unit. The Bill of Materials accommodated potential scrap 
for each of the materials used. The costs presented in the Bill of Materials were expected to 
decrease as process improvements and efficiencies decreased the amount of material waste when 
producing the SS&T. The Bill of Materials can be found in Table P3-1. 
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Table P3- 1: Bill of Materials for the Final SS&T Design 
Material Cost Qty. 
Total 
Cost 
Usage per 
Unit 
Cost per 
Unit 
Semi Gloss Fast Drying Poly. [18] 32 oz $11.98 8 oz $3.00 
Birch Plywood (3/4"  4 ft   8 ft) [26] 1 sheet $28.00 1/2 sheet $14.00 
Wood Glue [20] 8 oz $3.97 2 oz $0.99 
Nails - 1 inch [23] 2500 pieces $6.65 500 pieces $1.33 
Sandpaper [24] 5 sheets $3.37 1 sheet $0.67 
 Total: $19.99 
 
3.2. Layout A: Process Considerations During Prototyping  
The design of the manufacture of the SS&T was taken into consideration from the very 
start as the product was being designed and prototyped. As a result, the manufacturing process 
layout itself had several iterations of process design just as the SS&T had several iterations of 
product design. 
To ensure that the final manufacturing operations were being taken into account when 
designing the SS&T product, an initial process layout, Layout A, was developed during the 
prototyping phase of the design process. The layout served as a reminder of the operations that 
were going to be performed to produce the SS&T as well as certain aspects of the product design 
that had to accommodate manufacturing and assembly operations. See Figure P3-1 for a 
depiction of Layout A. A detailed list of the process steps within Layout A can be found in Table 
A-1 in the Appendix.   
As seen in Figure P3-1, the proposed process began with incoming sheets of plywood, 
which were the first raw material and were processed at the panel saw. The panel saw cut the 
sheets of plywood in half. Each 4ft x 4ft sheet of cut plywood was then sent to the table saw. The 
table saw was set to the various dimensions using prefabricated stops, and the various pieces of 
the product were cut out based on a posted dimensioning scheme. All scrap wood from the table 
saw operation was sent to the miter saw where it was reused as the triangular braces within the 
stool portion of the SS&T product. The finished pieces from the table saw were then sent to the 
belt sander, where the edges are sanded and finished. 
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Figure P3- 1: A depiction of Layout A of the SS&T product 
Then, the finished pieces were sent to the assembly station, where they were assembled 
into the correct configurations using pre-fabricated fixtures and stands. Each joint in the product 
was assembled using heavy-duty wood glue and nails. Once initial assembly was complete, the 
unit was sent to final assembly. As one operator assembled the unit, another was at the miter saw 
cutting the corner braces for the stool portion of the product. Once the unit was assembled, those 
corner braces were sent along with the unit to the final assembly and finishing station. The corner 
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braces were installed onto the stool at the final assembly and finishing station, completing the 
unit’s assembly. Then, the unit received a final inspection where gaps in the exposed edges of the 
plywood were filled, and the unit was sanded and cleaned. Finally, the unit was given a 
Polyurethane coat to finish and seal it. Once assembly was complete and the unit was sealed, it 
went to the finished goods area where it awaited shipping.  
There were a few areas of concern in the manufacturing process that needed to be 
considered when moving forward with the process design. The first concern was a quality 
concern in the table saw operation. When cutting the panels, the table saw left burn marks on the 
edges of the plywood. This was an important quality concern due to the decision to leave the 
finish on the SS&T natural, as the dark wood burns stood out in stark contrast to the lighter, raw 
birch finish. Though there were several potential areas for investigation to alleviate the burn issue 
such as the sharpness or rotational speed of the saw blade, the decision was made to focus on 
adjusting the feed rate of the material and the method of guiding the wood through the table saw.  
Additionally, the drying times of the SS&T manufacturing process were a concern for the 
process takt time. There were two drying operations in the SS&T manufacturing process: wood 
glue and polyurethane. The wood glue used in assembly had a suggested initial dry time of 20-30 
minutes plus an additional 24 hours to fully cure, which would add significant time to the 
manufacturing process. As for the polyurethane, the brushed on polyurethane coat took two hours 
to dry and 24 hours to cure fully. Again, this drying time could present a problem during the final 
manufacturing process for the SS&T. These drying times had to be taken into consideration when 
manufacturing the product as they could affect the lean manufacturing process and require an 
inventory stock.  
 
3.3. Production Cost Considerations 
Once the rough process layout was determined, a rent vs. buy analysis was performed on 
the equipment in the layout in an effort to check the feasibility of purchasing the required 
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equipment versus renting it. The purchase price and rental prices were based on cost estimates 
given in the Center for Manufacturing Excellence equipment log [25]. The rental costs were 
based on producing 200 units per year, which was an estimate assigned by the “executive” board 
based on an initial production run for a small-scale product demand of just the university. This 
projection would increase as the scope of demand was increased. The cost of purchasing and of 
renting the panel saw, table saw, belt sander, miter saw, and nail gun can be seen in Table P3-2.  
Table P3- 2: Equipment Purchase Price vs. Yearly Rental Cost [25] 
Description Purchase Price 
Rental Cost  
(per Year @ $40/hr) 
Saw Trax panel saw $4,099.00 $22.60 
SawStop table saw $4,349.00 $421.80 
Belt Sander $724.00 $670.67 
Miter saw $298.86 $402.67 
Nail Gun $556.97 $1,400.00 
TOTAL $10,027.83 $2,917.73 
 
The rent vs. buy analysis was performed based on a 5-year projection and a 5-year, 
straight-line depreciation method on the purchased equipment. The annual profit subtotal used in 
the analysis was based on the assumption that 200 units would be fabricated and sold each year 
for $79.99 each. The cost to fabricate each unit sold was $60.28, yielding a $19.71 profit margin 
per unit and totaling $3,941.11 of profit per year. The entire 5-year rent vs. buy analysis can be 
found in Table P3-3.  
Table P3- 3: Rent vs. Buy Analysis for the Equipment Needed for Manufacturing [17, 25] 
Year 
Number 
Annual  
Profit:  
Subtotal 
RENT 
Profit: 
Assuming 
Rent 
BUY 
Profit: 
Assuming 
Buy 
Year 1 $3,941.11 $(2,917.73) $1,023.38 $(10,027.83) $(6,086.72) 
Year 2 $3,941.11 $(2,917.73) $1,023.38 $(8,022.26) $(4,081.16) 
Year 3 $3,941.11 $(2,917.73) $1,023.38 $(6,016.70) $(2,075.59) 
Year 4 $3,941.11 $(2,917.73) $1,023.38 $(4,011.13) $(70.02) 
Year 5 $3,941.11 $(2,917.73) $1,023.38 $(2,005.57) $1,935.54 
5 Year Profit Forecast: $5,117.88 - $(10,377.95) 
   
33 
 
The rent vs. buy analysis in Table P3-3 showed that if the required equipment was 
rented, the SS&T could potentially be a profitable venture, even when a portion of the profit 
margin was taken up by equipment rental costs. On the other hand, obtaining the $10,027.83 
needed to purchase the equipment would require obtaining a loan, and the venture would remain 
in debt even at the end of the 5-year depreciable life of the equipment. In fact, it would take eight 
years before the SS&T would become profitable if the equipment were purchased rather than 
rented. Since renting the equipment was projected to provide $15,495 in additional revenues over 
the course of the 5-year analysis timeline, renting the equipment was the selected method to 
investigate further. Even if the equipment were rented initially, a rent-to-buy contract could be 
utilized or purchasing the equipment could be revisited after 5-10 years when the product 
developed an established customer base and began making a consistent profit. 
 
3.4. “Executive” Board Review 
Once the final design for the product was determined, an initial process layout was 
formulated, and the tentative costing considerations were calculated, the SS&T product 
underwent another review with the Center for Manufacturing Excellence “executive” board. The 
presentation involved a demonstration of the final product design, tentative production layout, 
and costing information as well as a discussion of the design process, learnings from the process, 
how obstacles were overcome, and what the next steps would be for the product.  
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PHASE 4: Testing and Refinement 
In order to help determine the success of the Phase 4 manufacturing process layout tests, 
a takt time was assigned to the SS&T product based on a tentative 5-unit per hour customer 
demand projection that was assigned by the “executive” board. In order to obtain the takt time in 
minutes, the 5-unit per hour customer demand was divided into 60 minutes. This yielded a 12-
minute takt time, which meant that each operator process needed to operate in 12-minute cycles 
in order to meet the projected customer demand. This time was noted in all manufacturing 
process studies and changes throughout the process design.  
 
4.1. Layout B: Process Considerations Prior to Production Trial 
Prior to trial of the manufacturing process layout determined during the prototyping 
phase of design, several alterations were made to Layout A to create Layout B, which was then 
used to test the SS&T manufacturing process. The first alteration to Layout A was altering the 
panel saw operation to cut the 4ft x 8ft plywood sheets into four 16in and two 13.75in strips 
rather than cutting the sheets into two 4ft x 4ft sheets and sending the material to the table saw. 
This change was made in an effort to more evenly distribute the workload and to cut the plywood 
sheets into a size that could be more easily maneuvered by a single operator.  
Additionally, the belt sander was removed from the process. During the delta prototyping 
process, the belt sander had been used to clean up any messy or burned edges resulting from the 
table saw operation. The team thought that partially automating the process would speed it up and 
cut down on labor costs of trying to sand the panels by hand. However, the belt sanding operation 
proved to be inefficient for removing the torn edges, and the sander struggled to remove the burns 
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from the table saw operation. Additionally, using the belt sander risked adding additional burn 
marks to the material if the operator was not careful. Time studies and analysis of the belt sanding 
versus a manual sanding process confirmed that a quality check and spot sanding by hand as 
needed was more efficient in both cost and time. As a result, using the belt sander caused an 
increase rather than a reduction in the labor cost, and it was removed in an effort to remove lean 
manufacturing wastes of motion and over-processing.  
Since the belt sander in Layout A was removed, the assembly bench and the miter saw 
locations in Layout B were swapped in an effort to create more streamlined flow through the 
processes. Layout B can be seen in Figure P4-1, and a detailed listing of the process steps can be 
found in Table A-2 in the Appendix.  
During Layout B’s trial, time studies were performed on each operation. These studies 
were meant to highlight areas for improvement and for waste removal. The time studies were also 
used to gain a rough idea of how many operators would be needed to meet customer demand and 
operate at the desired takt time. Since Layout B was the first physical production run for the 
SS&T, the process times were divided by station rather than by the individual process steps 
within each station. The total process time was also taken as a baseline for future layout process 
times to see if future layout improvements affected the process times and eliminated potential 
areas of transport, motion, and waiting waste. The breakdown of the time study performed for 
Layout B can be found in Table P4-1.  
When comparing the 40-minute cycle time for Layout B shown in Table P4-1 to the 75-
minute cycle time for the delta prototype in Table P2-2, it can be seen that there was a 35-minute 
improvement in the cycle time from the delta prototype to the Layout B manufacturing process. 
This showed that performing manufacturing operations in the repetitive, linear fashion shown in 
Layout B was more effective than the one-piece assembly used when prototyping. Additionally, it 
showed that the layout improvements were an effective way to save time and eliminate motion 
waste by streamlining the process.  
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Figure P4- 1: A depiction of Layout B 
Table P4- 1: Process Time Study for Layout B 
Process Step Time (s) 
Panel saw operation (cutting into strips) 210 
Table Saw 372 
Miter Saw 83 
Assembly 959 
Polyurethane coating 829 
Total Time: 
2,453 sec 
(~40 min) 
Operators Required (12 min takt time): 4 
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Based on the time studies in Table P4-1, it was determined that four operators were 
required to meet the takt time goal. This number was generated by summing the total cycle time 
for the Layout B process (2453 sec), dividing by a 12-minute takt time to generate the estimated 
value (3.4 operators), and rounding up to the nearest whole number. The assumption for the 
required number of operators was taken into account as design process moved forward, and it also 
helped determine the process flow within the layout.   
 
4.2. Layout C: Process Considerations After Production Trial #1 
After testing Layout B, improvements were made to the layout based on the flow of 
material and the cycle times taken during the first production trial. The first improvement was 
altering the raw material that came in to the panel saw. Rather than delivering 4ft x 8ft sheets of 
plywood to the manufacturing line, which were hard for one operator to maneuver alone, the 
plywood was pre-cut to the required 16in x 48in and 13.75in x 48in sheets and placed in a “store” 
of pre-cut panels for the panel saw. The vendor for the “store” was assumed to be another part of 
the manufacturing facility that would eventually house the SS&T product, and the section of the 
plant that would make the pre-cut panels would also pre-cut material for the rest of the facility in 
order to save money by buying the raw material in bulk form. The smaller plywood sheets were 
easier for the operators to maneuver alone, which eliminated transportation waste by removing 
the need for a second operator to help transport the plywood sheets from the raw materials area to 
the panel saw.   
The next change that was implemented in Layout C was moving the remainder of the cuts 
for the SS&T from the table saw to the panel saw. This change was made for a few reasons, the 
first being that it was easier to create stops for quick changeovers for the panel saw than it was for 
the table saw. With the table saw, the saw stop was stationary and had to be adjusted at each size 
changeover by unclamping the stop, sliding it along the table saw to the desired dimension, and 
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then re-clamping it. The panel saw configuration allowed for mobile stops to be set up on the 
panel saw that could be alternated depending on which size length needed to be cut. A depiction 
of these stops is shown in Figure P4-2 through Figure P4-4.  
 
 
Figure P4- 2: The base (16in) panel saw stop, wide (left) and close-up (right) 
 
Figure P4- 3: The 14.5in panel saw stop add on, wide (left) and close-up (right) 
 
Figure P4- 4: The 13in panel saw stop add on, wide (left) and close-up (right) 
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As seen in Figure P4-2, the base stop was for the 16in length. The 14.5in and the 13in 
stops were based on the 16in base stop. The 14.5in stop could be placed next to the base stop to 
create the 14.5in length cut, as seen in Figure P4-3. Then, the 13in stop could be placed over the 
14.5in/base stop combination to create the 13in dimension, as seen in Figure P4-4. With the table 
saw, the raw material panels had to be cut to 16in, removing and setting aside any 14.5in and 13in 
pieces until the table saw stop could be moved for the next round of cuts. Once the table saw stop 
was adjusted to the new 14.5in length, the material that was previously set aside had to be 
retrieved and cut.  
Unlike the table saw stops, panel saw stops could be placed and removed quickly, and in 
any sequence. This meant that a panel could be cut to a 16in piece, a 13in piece, and a 14.5in 
piece or two 14.5in pieces and a 16in piece, all without having to remove the material from the 
saw and set it aside. Since any length could be cut on the panel saw by picking up the required 
stop and placing it on the saw, the cutting process had greater cut size versatility. Additionally, 
changing the panel saw stops from cut length to cut length took approximately 6 seconds, while 
changing the table saw stop between the same cut lengths took approximately 20-30 seconds. 
Since there were three different panel sizes that needed to be cut during the manufacturing 
process, the changeover times added up, and cutting the time by 80% improved the process 
efficiency. Using the panel saw stops also added process interchangeability, an important lean 
manufacturing principle, by allowing any required panel size to be cut quickly and efficiently.  
Another reason for moving the cutting operations to the panel saw was that the panel saw 
allowed for greater operator control of the material cuts while still ensuring operator safety. Once 
the material passed through the saw blade of the table saw, it was dangerous for the operator to 
control the material because it would involve reaching over the table saw blade. As a result, the 
operator could not ensure that the material remained pressed against the stop after it was cut, and 
several of the panels made during the first production trial were not cut in straight lines, creating 
defective units. The panel saw eliminated this problem by offering several areas for the operator 
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to brace and control the material safely as the saw blade was brought down over it. Alternately, a 
second operator could have been added to the back side of the table saw to control the material 
after it passed through the saw blade, but that was determined to be less efficient than eliminating 
a piece of equipment and using one operator.  
The fixtures within the processes were also improved. The assembly process was difficult 
to perform with one operator alone, even with the base fixture helping hold the base and stool 
units in place. To remedy the issue, a fixture was added to place over the base unit as it was 
assembled. A similar fixture was also added to the stool unit assembly. The additional fixtures 
allowed the assembly operator to hold and nail each unit efficiently without assistance. After the 
success of the holding fixtures, another holding assist fixture was fabricated for the corner 
assembly process. The fixture both held the corners in place and ensured that the corners were 
evenly spaced on the bottom of the stool unit, providing both a quality improvement and a time 
saving for the corner assembly process. The base top fixture, stool top fixture, and stool corner 
fixture can be seen in Figure P4-5, Figure P4-6, and Figure P4-7, respectively.  
 
 
Figure P4- 5: The base top guide 
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Figure P4- 6: The stool top guide 
 
Figure P4- 7: The corner piece guide 
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Another improvement to the layout was the addition of a material staging and organizing 
unit to feed material to the assembly station in Layout C. Since the table saw was removed from 
the layout, this organization device was placed between the panel saw and the assembly station 
and can be seen in Figure P4-8. The panels were color-coded based on their dimensions and 
placed in the organization device bays, which was also color-coded with the same color scheme 
so that the panel saw operator would know where to place the panel and the assembly operator 
would know which panel to take. Blue represented the 13.75in by 16in panels, orange represented 
the 14.5in by 16in panels, pink represented the 16in by 16in panels, and lime green represented 
13in by 16in panels.  
 
 
Figure P4- 8: Material staging and organizing tool  
The final improvement to the layout was to add visual cues in an effort to align the 
manufacturing process to lean manufacturing standards. These visual cues were meant to help the 
operators at each station standardize their processes to repetitive, one-piece flow. For the panel 
saw, the 16in and 13.75in raw material panels incoming to the station were labeled prior to 
delivery to the station with colored sticky notes. The placement of the sticky notes on each panel 
was important as they also helped with orientation during the assembly process later on. Each 
different sticky note color denoted a different size that needed to be cut with the panel saw. This 
43 
 
was meant to help the panel saw operator make fewer mistakes when cutting the panels for 
assembly, eliminating scrap material waste. Depictions of the labeled panels with the proper 
orientations and sticky note colors can be seen in Figure P4-9 through Figure P4-11. 
 
Figure P4- 9: 16in panel with colored sticky notes  
 
Figure P4- 10: 16in panel with colored sticky notes  
 
Figure P4- 11: 13.75in panel with colored sticky notes  
Additionally, in order to further help the panel saw operator, a standard work visual was 
added to the panel saw. The visual was a document depicting each of the panel sizes and the 
corresponding colors for the panel color-coding scheme, which helped the operator quickly select 
which of the labeled panel saw stops was required for the cutting operation and cut the panel 
accordingly. This document can be seen in Figure P4-12.  
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Figure P4- 12: Standard work visual aid for the panel saw  
Standard work documents were also developed for the assembly station for both the stool 
and the base assembly process. The stool standard work visual was a document describing the 
stool assembly process, which panels were needed during the various points of the process, and 
how to orient the panels based on their color label. A depiction of the standard process sheet for 
the stool assembly can be found in Figure P4-13.  
The base standard work document was similar to the stool assembly standard work 
document. It contained depictions of all of the panels that were needed for the base unit, including 
their sticky note color identifiers and how to orient the panels using the colored sticky note 
placement. Since the base unit contained more panels, its process was a little more complex than 
the stool assembly process and had more steps, too. The base assembly standard process sheet can 
be found in Figure P4-14.  
A depiction of the layout changes for Layout C can be found in Figure P4-15 and the list 
of process steps for the layout can be found in Table A-3 in the Appendix.  
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Figure P4- 13: Standard work visual aid for the stool Assembly  
 
Figure P4- 14: Standard work visual aid for the base Assembly  
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Figure P4- 15: A depiction of Layout C 
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As with Layout B, a time study was performed on Layout C. The time study performed 
on Layout C delved into more detail with the different process steps at each station, with times 
taken for the individual steps. The smaller step divisions allowed the individual processes within 
the stations to be evaluated and, where necessary, be redistributed in order to better meet the 
customer takt time. The time study for Layout C can be found in Table P4-2.  
Table P4- 2: Process Time Study for Layout C 
Process Step Time (s) Operator 
Cut Panel #1 (13.75” Panel; panel saw 
operation)  
52 1 
Cut Panel #2 (16” Panel; panel saw 
operation)  
81 1 
Cut Panel #3 (16” Panel; panel saw 
operation)  
77 1 
Miter Saw (cut corners) 164 1 
Assemble stool, picking panels as needed 
(no corners) 
166 1 
Assemble base, picking panels as needed 398 2 
Assemble stool Corners 303 2 
Sand and wipe stool 130 3 
Polyurethane stool 222 3 
Sand and wipe base 130 3 
Polyurethane base 202 3 
Total Time: 
1,925 sec 
(~32 min) 
- 
Operators Required (12 min takt time): 3 - 
 
In order to determine whether the changes made to Layout C improved the layout, the 
total 1,925-second cycle time for Layout C in Table P4-2 was compared to the total 2,453-second 
cycle time for Layout B in Table P4-1. As expected, Layout C proved to be the more efficient 
layout, providing 528 seconds or 8.8 minutes in time savings for the process cycle time. This time 
savings paralleled a reduction in the number of operators required to meet the process takt time 
from 4 operators in Layout B to 3 operators in Layout C. Reducing the number of operators 
required to meet the customer demand was an additional area of efficiency improvement and 
waste elimination.    
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An important note for the values in Table P4-2 was the panel saw operation time, which 
was 210 seconds for all three cutting operations. When comparing this time to the original table 
saw time for cutting the stool and base panels (372 seconds), the panel saw provided a 162-
second or 56% reduction in time. This time reduction proved that the panel saw was a more 
efficient method of cutting the stool and base panels, and the change was deemed a positive 
improvement to the layout.  
Another important conclusion that could be drawn when comparing the values in Table 
P4-2 to the values in Table P4-1 was the increased efficiency of the assembly operations once the 
additional fixtures were added to assembly to help assemble the units. In Layout B, the total 
assembly time was 959 seconds, but there were instances during the assembly process in Layout 
B where a second operator stepped in to help the assembly operator with the unit. In Layout C, 
this time decreased by 105 seconds to a total assembly time of 854 seconds (153-second stool 
assembly, 303-second stool corner assembly, 398-second base assembly), and the assembly 
operator performed all assembly operations without a second operator assisting. This showed that 
the additional fixtures improved the layout in two ways: firstly by eliminating the need for a 
second operator to help with certain assembly steps and secondly by eliminating 105 seconds 
(1.75 minutes) of process time.  
 
4.3. Layout D: Process Considerations for the Final Production Trial  
For the final production trial, the overall process layout remained roughly the same as the 
first production trial. The only alteration to the layout was splitting the assembly station into two 
distinct halves, one for the stool assembly and one for the base assembly, in order to better define 
the layout and material placement. The final process layout can be found in Figure P4-16. Since 
the process layout itself did not change for the final production trial, the process steps depicted in 
Figure P4-16 should match the steps in Table A-3 in the Appendix.  
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Figure P4- 16: A depiction of Layout D  
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4.4. Layout D: Initial Process Flow  
Though the process layout itself remained the same through the production trial process, 
the execution and the distribution of the process steps at each station in the layout, called the 
process flow, were changed and improved several times. Each operator needed a defined process 
flow that would repeat as the operator created the product. In order to accomplish this, the process 
steps within Layout D were divided among the three operators, with the goal of each operator’s 
process time matching the overall process takt time. This goal was an effort to achieve a lean 
manufacturing flow and follow just-in-time principles.  
The first process flow alteration involved dividing the assembly station into two distinct 
segments, one for the stool assembly and one for the base assembly. The division of the station 
allowed the process to have more distinct handover operations between the operators. 
Additionally, a second nail gun was added to the assembly station so that the base assembly and 
stool assembly portions of the station each had one nail gun.  
Initially, the process steps in Table P4-2 were divided using a time study performed on 
each station individually prior to the production trial. When analyzing the time data, it was 
determined that dividing the processes so that both operator 1 and operator 2 had 12-minute takt 
times resulted in 235 seconds (about 4 minutes) of waste in operator 3’s process as the operator 
waited for material. This waste can be seen in the process time distribution chart in Figure P4-17.  
 
 
Figure P4- 17: Process distribution if process times were brought to takt time 
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In order to eliminate operator 3’s wasted time, the process steps were distributed in a 
more even fashion. Operator process time distribution that aligned with one another would allow 
problems to rise to the surface visibly in the form of an operator waiting on product, which could 
be investigated and resolved. Aligning the process times could also highlight potential areas for 
additional quality checks to ensure the quality of the product produced. In order to visualize the 
process time distribution for the initial process flow, a graph of the distribution of process times 
as chosen can be seen in Figure P4-18.  
 
 
Figure P4- 18: Chosen process time distribution 
In Figure P4-18, it can be seen that the processes aligned at a point that was lower than 
the assigned takt time. This would have resulted in overproduction, which was almost as 
undesirable in lean principles as underproduction, because overproduction would create 
unnecessary product inventory that did not have an associated customer demand. However, the 
gap between the process times and takt time could have been a potential opportunity to add 
quality checks and handover points to the processes. Operator 1, which would cover the panel 
saw, miter saw, and stool assembly operations, had the largest gap between the process time and 
takt time. This was deemed acceptable as the stool Corner assembly operation served as a 
handover point between Operator 1 and Operator 2, so Operator 1 could assemble corners onto 
the stool unit as needed or perform an added step of measuring each panel after it was cut by the 
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panel saw to ensure that the dimensions were accurate. The process distribution in Figure P4-17 
did not offer the same access to handover and quality points, so if Operator 1 got behind in their 
process, Operator 2 would be waiting for material, causing waste. Additionally, Operator 3 would 
have 235 seconds of wasted time as they waited for material from Operator 2.  
With the process step distribution in Figure P4-18, Operator 1 cut the 13.75in panel first, 
which made up the sides of the stool unit. The panel was cut to the required 16in panels, the extra 
end of the panel was scrapped, and each panel was placed into the organized staging area. Then, 
Operator 1 picked the 16in panel from the raw materials area and cut it to the required lengths, 
placing each panel into its designated spot on the organized staging area and putting aside the 
strip of leftover material for use on the miter saw later. This process was repeated for the second 
16in panel. Once all of the panels were cut, Operator 1 picked up the two strips of leftover 
material from the 16in panels and moved to the miter saw with them. Then, Operator 1 cut all 
eight corner pieces on the miter saw, scrapping the leftover material. Operator 1 then carried the 
corner pieces to the stool assembly station. At the stool assembly station, Operator 1 picked, 
glued, and nailed the stool together using the assembly fixtures and the nail gun before returning 
to the panel saw to repeat the entire process. Pictures of the panel saw, miter saw, and stool 
assembly operation can be seen in Figure P4-19, Figure P4-20, and Figure P4-21, respectively.  
 
 
Figure P4- 19: Panel saw 
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Figure P4- 20: Miter saw 
 
Figure P4- 21: Stool assembly portion of the assembly station 
For Operator 2, the process focus was on assembling the base and the stool corner pieces. 
In order to align the processes, Operator 2 was supposed to assemble the base during Operator 1’s 
panel saw and miter saw operations, beginning when the base material was cut by the panel saw 
and made available to Operator 2. Once the base unit was assembled, Operator 2 took the base 
unit to the polyurethane and finishing station and returned to the assembly station to assemble the 
corners onto the stool unit. Once the stool corners were assembled, Operator 2 took the stool unit 
to the polyurethane and finishing station and returned to the assembly station to begin assembling 
the next base unit. A depiction of the base unit assembly portion of the assembly station can be 
found in Figure P4-22.  
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Figure P4- 22: Base assembly portion of the assembly station 
Operator 3 performed the finishing and polyurethane operations on both the base and the 
stool units. Once Operator 2 deposited the base unit on the polyurethane and finishing station, 
Operator 3 sanded down any rough edges and wiped down the unit to prepare it for a coat of 
polyurethane. Once the base unit was clean, a roller, a paintbrush, and wipes were used to apply 
the polyurethane to the entire unit. After the polyurethane was applied, Operator 3 set the base 
unit in the finished goods area, where all of the finished units awaited transport to the curing area 
of the production facility. Then, Operator 3 returned to the polyurethane and finishing station to 
repeat the sanding, cleaning, and polyurethane application processes on the stool unit. Once the 
stool unit was finished, Operator 3 placed it in the finished goods area. A depiction of the 
polyurethane station can be found in Figure P4-23.  
 
 
Figure P4- 23: Polyurethane and finishing station 
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4.5. Layout D: Improved Process Flow  
Upon testing the initial process flow, it was found that the polyurethane and finishing 
station was getting behind, causing a pileup of units between the assembly station and the 
polyurethane and finishing station. Upon investigation, it was discovered that Operator 3 was 
getting behind for several reasons. The first reason was that sanding the unit after it was 
assembled was difficult, especially sanding operations on the corner pieces of the stool unit. 
Additionally, the polyurethane and finishing process was not standardized and streamlined. For 
example, the polyurethane process involved flipping the unit multiple times and picking up and 
placing several different types of tools (roller, paintbrush, and wipes) in order to apply the 
polyurethane to the entire surface area of each unit. The final issue was the lack of a handover 
point between Operator 2 and Operator 3.  
In order to alleviate some of the finishing time from Operator 3, the sanding processes 
were moved to Operator 1’s process flow. This change was made as it was determined to be more 
difficult to sand the units once they were assembled than it would be to sand the edges of the raw 
panels after cutting them on the panel saw and the corners after cutting them on the miter saw. 
Additionally, a more standardized process flow was applied to Operator 3’s process so that it 
would align with lean manufacturing processes and eliminate any residual waste resulting from 
non-standardized work.  
Operator 3’s new process began with wiping down the base unit after it was delivered to 
their station, as they had done in their previous process. Then, the roller was used to distribute an 
initial, thick application of polyurethane to the base unit. The initial application was then 
distributed to the rest of the unit by wiping the unit down until the polyurethane was evenly 
distributed and coated the entire unit. After the polyurethane application, the base unit was placed 
into the finished goods area and Operator 3 returned to the polyurethane and finishing station to 
the waiting stool unit. Operator 3 wiped down the stool unit and again used the process of 
applying a thick layer of polyurethane which was then wiped until it was evenly distributed on the 
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unit. After the stool unit received a coat of polyurethane, it was also placed in the finished goods 
area, and Operator 3 returned to the polyurethane and finishing station to repeat the process.  
Since Operator 1 and Operator 2’s processes seemed to align well during the initial 
process flow, their processes and handover points were left the same for the improved process 
flow, except for the addition of the sanding operation to Operator 1’s process.  
 
4.6. Layout D: Improved Process Flow Results  
After the adjustments to the process flow were made, the manufacturing process did 
improve. When the new flows were tested, the three operators seemed to have more aligned 
processes. For example, as soon as the stool assembly was completed and Operator 1 flipped the 
unit to expose the interior for corner assembly, Operator 2 had finished the base unit and was 
ready to begin assembling the stool corners. The results of the final process flow alterations can 
be seen in the time study in Table P4-3.  
Table P4- 3: Process Time Study for Layout C 
Process Step Time (s) Operator 
Cut Panel #1 and sand (13.75” Panel; 
panel saw operation)  
81 1 
Cut Panel #2 and sand (16” Panel; panel 
saw operation)  
112 1 
Cut Panel #3 and sand (16” Panel; panel 
saw operation)  
125 1 
Miter Saw (cut corners) and sand 188 1 
Assemble stool, picking panels as needed 
(no corners) 
125 1 
Assemble base, picking panels as needed 406 2 
Assemble stool Corners 263 2 
Wipe stool 68 3 
Polyurethane stool 272 3 
Wipe base 38 3 
Polyurethane base 279 3 
Total Time: 
1955 sec 
(~ 33 min) 
- 
Operators Required (12 min takt time): 3 - 
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When the process times shown in Table P4-3 were compared to the original process 
times in Table P4-2, it can be seen that the overall time increased. Though the overall process 
time increased, the process times within the overall process decreased for some of the process 
steps, which was the goal with the process flow redistribution. For example, adding the sanding 
operations to each of the cutting operations resulted in a total time increase of 131 seconds to 
Operator 1’s processes, but this time addition corresponded to a time decrease of 155 seconds in 
Operator 3’s processes. This meant that, as hypothesized, it was easier for Operator 1 to sand the 
flat panels than it was for Operator 3 to sand around the assembled pieces of each unit. In order to 
better compare the alignment of the three operator processes, the total time for each for each 
operator was added together and graphed. This chart can be seen in Figure P4-24.  
 
 
Figure P4- 24: Final production process time distribution 
According to Figure P4-24, Operator 1’s time did increase from the time presented in 
Figure P4-18, coming closer to a more aligned process flow. Additionally, Operator 2 maintained 
consistency while Operator 3’s times decreased. These were expected results, as the process flow 
changes were mainly moving the sanding portion of Operator 3’s process steps to Operator 1. The 
decrease in Operator 3’s time did not correspond precisely to the increase in Operator 1’s time 
because sanding was performed more easily on the flat panels and did not take as long for 
Operator 1 as it had for Operator 3. Additionally, removing the sanding process allowed Operator 
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3 to slow down the polyurethane application process, focusing on the quality of the polyurethane 
application, while still meeting the takt time and keeping pace with the other operators.  
It was important to note that all three operators’ times were below the takt time. This 
result was just as concerning as if the times had been above the takt time, because it meant that 
the line was manufacturing too much product for customer demand. Producing too much would 
eventually result in product inventory with no customer demand for it, which would be an 
overproduction waste for the product production. To remedy the situation, more quality checks 
could be added to each operator’s process (90 seconds for Operator 1, 52 seconds for Operator 2, 
63 seconds for Operator 3) to help eliminate defect waste and bring their process times up to the 
takt time. Alternately, the operators could have run at their recorded process times, the takt time 
could have been reduced to 11 minutes, and the line could have only run for 7 hours and 20 
minutes. This would have kept the original goal units made per day, which was 40 units per day 
for an 8-hour shift or 5 units per hour with a 12-minute takt time, the same. The operators could 
either move to a different process line for the remaining 40 minutes of the 8-hour shift or just 
work a reduced-time shift.  
 
4.7. Layout D: Final Cost and Rent vs. Buy Analysis  
Once the layout was finalized, the unit was costed using production cost considerations 
and new rent and buy pricing scenarios provided by an updated Center for Manufacturing 
Excellence equipment log [27]. The main result of the equipment log update was that all hourly 
labor costs decreased from $40 per hour to $10 per hour. The updated material cost and pricing 
information for final production can be found in Table P4-4.  
The improvements cut costs so significantly that the profit margin was increased to the 
original profit margin of 30% in order to maintain the $79.99 price point that was promised to the 
customers. This allowed for even more cushion for potential overhead costs generated during 
production ramp-up later on.  
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Table P4- 4: Material Cost and Sales Price Information – Final Production 
Material Cost Cost per Unit 
 Semi Gloss Fast Drying Polyurethane [18] $3.00 
 Birch Plywood (3/4" x 4 ft. x 8 ft.) [26] $21.42 
 Wood Glue [20] $0.99 
 Nails – 1 inch [23] $0.20 
 Sandpaper – 1 sheet [24] $0.67 
Total Material Cost per Unit $26.28 
Labor Cost Cost per Unit 
 Student Labor Cost (1.63 labor hours) [16] $11.81 
 Machine Labor Cost (0.36 labor hours) [27] $14.43 
Total Labor Cost per Unit $26.24 
Total Material and Labor Cost per Unit $52.52 
Sales Price Estimate (with 30% Profit Margin) $75.03 
Final Sales Price $79.99 
 
Additionally, a rent vs. buy analysis was performed using the final production 
considerations. This analysis was performed for the original 200-unit production estimate used in 
the rent vs. buy analysis in Table P3-3 and for a new 10,400-unit production estimate. The 
original 200-unit estimate was used so that the data could more easily be compared to the data in 
Table P3-3. The 10,400-unit production estimate was based on the product takt time, which 
yielded a unit production quantity of 5 units per hour. This rate was multiplied by the estimated 
2080 working hours in a year to obtain the yearly production estimate. The cost of purchasing and 
cost of renting the panel saw, miter saw, and two nail guns can be seen in Table P4-5 for 200 
units and in Table P4-6 for 10,400 units.  
Table P4- 5: Purchase Price vs. Yearly Rental Cost – Final Production of 200 Units [27] 
Description Purchase Price 
Rental Cost  
(per Year @ $10/hr) 
Saw Trax panel saw $4,099.00 $176.29 
Miter saw $298.86 $104.43 
Nail Gun $556.97 $220.33 
Nail Gun $556.97 $220.33 
TOTAL $10,027.83 $721.38 
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Table P4- 6: Purchase Price vs. Yearly Rental Cost – Final Production of 10,400 Units [27] 
Description Purchase Price 
Rental Cost  
(per Year @ $10/hr) 
Saw Trax panel saw $4,099.00 $9,167.21 
Miter saw $298.86 $5,430.10 
Nail Gun $556.97 $11,457.19 
Nail Gun $556.97 $11,457.19 
TOTAL $10,027.83 $37,511.69 
 
The purchase prices stayed the same between the original rent vs. buy costs found during 
the prototyping stage of design. Comparing Table P3-2 to Table P4-5 showed that the overall 
rental cost decreased by $2,196.35. This decrease in cost was most likely a product of the process 
improvements and waste eliminations performed during the design process. For example, the 
$1,092.47 combined cost of the table saw and belt sander that was included in Table P3-2 was 
eliminated as the design process progressed, which provided a significant cost savings. The costs 
shown in Table P4-6 were much higher, with the rental cost for one year exceeding the purchase 
price for all of the equipment. The higher rental cost affected the rent vs. buy analysis for the full 
capacity production scenario. 
Once the new yearly rental costs were determined, the rent vs. buy analysis for the final 
production was performed. Similarly to the analysis used in the prototyping phase, the analysis 
was based on a 5-year projection and a 5-year, straight-line depreciation method on the purchased 
equipment. The analysis was again performed twice, for both the 200-unit and 10,400-unit 
production estimates. The annual profit subtotal used in the analysis was based on the assumption 
that each unit would be sold for $79.99 each. The cost to fabricate each unit sold was $52.52, 
yielding a $27.47 profit margin per unit. For the 200-unit estimation, the profit per year was 
$5,493.81, and for the 10,400-unit estimation, the profit per year was $285,678.34. The analysis 
can be found in Table P4-7 for the 200-unit estimation and Table P4-8 for the 10,400-unit 
estimation.  
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Table P4- 7: Rent vs. Buy Analysis – Final Production of 200 Units [27] 
Year 
Number 
Annual  
Profit:  
Subtotal 
RENT 
Profit:  
Assuming  
Rent 
BUY 
Profit:  
Assuming  
Buy 
Year 1 $5,493.81 $(721.38) $4,772.44 $(5,511.80) $(17.99) 
Year 2 $5,493.81 $(721.38) $4,772.44 $(4,409.44) $1,084.37 
Year 3 $5,493.81 $(721.38) $4,772.44 $(3,307.08) $2,186.73 
Year 4 $5,493.81 $(721.38) $4,772.44 $(2,204.72) $3,289.09 
Year 5 $5,493.81 $(721.38) $4,772.44 $(1,102.36) $4,391.45 
5 Year Profit Forecast: $23,862.18 - $10,933.67 
 
Table P4- 8: Rent vs. Buy Analysis – Final Production of 10,400 Units [27] 
Year 
Number 
Annual  
Profit:  
Subtotal 
RENT 
Profit:  
Assuming  
Rent 
BUY 
Profit:  
Assuming  
Buy 
Year 1 $285,678.34 $(37,511.69) $248,166.65 $(5,511.80)  $280,166.54  
Year 2 $285,678.34 $(37,511.69) $248,166.65 $(4,409.44)  $281,268.90  
Year 3 $285,678.34 $(37,511.69) $248,166.65 $(3,307.08)  $282,371.26  
Year 4 $285,678.34 $(37,511.69) $248,166.65 $(2,204.72)  $283,473.62  
Year 5 $285,678.34 $(37,511.69) $248,166.65 $(1,102.36)  $284,575.98  
5 Year Profit Forecast: $1,240,833.25 - $1,411,856.31 
 
When comparing Table P4-7 to Table P3-3, it can be seen that the 5-year profit forecast 
for final production was greater than the profit forecast for the prototype in Table P3-3, doubling 
for the purchase scenario and increasing by five times for the renting scenario. The main reason 
for the profit forecast increase was the $1,552.71 increase in yearly profits from the prototype to 
the production that resulted from the design efforts to eliminate wastes and cut costs throughout 
the process. The rent scenario profit also had the added benefit of a lower cost, which was the 
reason for the dramatic profit forecast increase. The lower cost stemmed from removing the table 
saw and belt sander from the operation and decreasing the hourly rate from $40/hour to $10/hour, 
which saved $2,196.35 of rental cost [25, 27]. As with the prototype rent vs. buy analysis, the 
profits in Table P4-7 showed a negative profit for the purchase scenario. However, the negative 
profits occurred only during the first year, after which the profits steadily increased. Nevertheless, 
for the low production quantity of 200 units, it would still have been better to rent the equipment 
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for the vendor rate of $10/hour because the total rental scenario profits were $12,928.51 greater 
than the total purchase scenario profits the end of the 5-year forecast.  
The values in Table P4-8 showed that once a certain level of unit production was 
achieved, the rent scenario became less profitable than the purchase scenario. This change 
occurred around the 1,500-unit point, which was the point where the cost of renting the 
equipment was equal to the cost of purchasing it. After that point, any increase in units produced 
per year would have lead to purchasing the equipment rather than renting it.  
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PHASE 5: Ramp-Up and Wrap-Up 
 This project ended with Phase 4. If it were to continue onto Phase 5 with production 
ramp-up, a few additional items, such as quality concerns and real production goals, would need 
to be discussed in detail before moving forward.  
 
5.1. Future Considerations  
The main future consideration for the project that was not considered excessively during 
the previous phases of the project would be quality. Preventing defects is an important element of 
cutting production costs, because each defective unit is a sunk cost that can be extremely large 
depending on where the defective product occurred along the production process. For example, 
cutting a panel too short causes a defect which is easily-fixable by cutting another panel. 
Additionally, cutting another panel is not as costly as if the defect occurred at the end of the base 
assembly process, for example, when 4-5 panels, wood glue, and several nails have already been 
invested into the unit’s assembly. Quality gates could help prevent defects from getting so far in 
the production process that the defects result in huge losses. As discussed in Phase 4, there was 
plenty of time left between the process time and the takt time to add additional quality gates.  
As part of implementing quality control and defect reduction, quality considerations may 
need to be discussed in order to determine acceptable levels of quality. For example, how much 
tolerance should there be between the stool and the top of the base when the unit is in its most 
compact form, or how much gapping is allowed in the plywood edge layers before the piece is 
considered defective? These are important considerations when moving forward, as a big selling 
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feature of the SS&T is its ability to become a shelf, stool, and table. Tolerances and fit between 
the various unit pieces are vital to making the product successful.  
Additionally, potential areas for rework need to be investigated. If the unit can be 
reworked instead of being considered defective, rework should be attempted unless it would be 
cheaper just to scrap the material. For example, in some parts of the process, the edges could be 
sanded or wood filler could be added to edge gaps in order to make the unit useable.  
For the process layout, a few further tweaks could be made as production ramp-up 
unfolded, such as adding a table next to the panel saw for the sanding operation or optimizing the 
organizational unit in the middle of the process area. Lastly, in the future, the discrepancy 
between the takt time and each operator’s time should be considered. The gap needs to be filled 
moving forward; otherwise overproduction waste will occur and negatively affect the SS&T’s 
profits.  
 
5.2. Conclusions 
The product development process was carried out from Phase 0 through Phase 4. 
Throughout the process, the required design considerations in the areas of lean manufacturing and 
cost were included. The product experienced initial formulations as well as market research and 
customer definition in the first two phases, Phase 0 and Phase 1, of the product development 
process. Then, in Phase 2, the product was designed, prototyped, changed, and re-prototyped 
several times in an effort to achieve the optimal design that met the customer demands. In Phase 
3, the SS&T had a final design and a tentative process layout as well as costing estimations to 
take into account when moving toward production of the product, especially with regard as to 
whether to rent or buy the necessary equipment. Finally, production trials began with Phase 4, 
and iterations of layouts and process flows were studied and tested in an effort to eliminate the 
seven wastes of lean manufacturing. At the close of Phase 4, cost was considered again, and the 
costs were compared to the costing estimates from Phase 3 of the process.  
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The effectiveness of lean manufacturing was proved at several points during the course of 
this project. Five of the seven lean manufacturing wastes were addressed over the course of the 
product development process: transport, motion, waiting, inventory, and overproduction. 
Transport waste was eliminated with the implementation of Layout B, which removed several 
pieces of equipment from Layout A, and with outsourcing precutting the large sheets of plywood 
before the beginning production, which eliminated the need for a second operator to help 
transport the plywood to the panel saw. Motion and waiting wastes were both addressed at several 
points during the product development process, especially in Phase 4 when the production layout 
and process flows were being finalized. Motion waste was eliminated in standardizing the 
handling of the unit by defining processes and using fixtures in an effort to reduce the amount of 
flipping and re-handling. Additionally, the fixtures added to the assembly process eliminated the 
motion of a second operator entirely as they enabled one operator to perform the assembly 
operation alone. Changeover times and unnecessary processes were also eliminated wherever 
they could be, as with the change from using the table saw to using the panel saw to cut each 
unit’s panels or the removal of the belt sander originally used in Layout A. Waiting waste was 
eliminated with the realignment of the operator processes to create a rhythmic process flow that 
passed from one operator to the other as seamlessly as possible. Additionally, handover points 
were added between the operators in case problems occurred that affected the synchronization of 
the processes.  
Alternately, inventory and overproduction wastes were not directly addressed or 
eliminated over the course of the project. Instead, inventory waste was discussed as a concern in 
areas such as the 24-hour drying times for the polyurethane and the wood glue, which may 
require inventories of material to keep up with customer demand, and excess inventory resulting 
from the takt time being greater than each operator’s time in the final process flow and layout. 
Overproduction waste was discussed in terms of the takt time and the necessity of ensuring that 
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either each operator time met the takt time or that the hours worked by the operators was adjusted 
to result in the assigned customer demand.  
The product development process for the SS&T led to a viable product which could move 
forward to the production ramp-up stage, pending the final design review which acts as a gate 
between Phase 4 and Phase 5, using the design, product layout, and process flow created over the 
course of this design project.  
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APPENDIX 
 
A.1. Tables 
Table A- 1: Process Steps for Layout A  
Step # Process Description 
1 Raw materials incoming in sheets of plywood 
2 Cut plywood in half using the panel saw and send to the table saw 
3 
Cut plywood into sections based on design dimensions using the table 
saw 
4 Send rectangular wood scrap to miter saw for cutting stool corners 
5 Sand finished sides of stool with Belt Sander 
6 Send sanded sections to the Assembly Station 
7 Assemble sections into the unit 
8 Cut out the corners for the stool using the miter saw 
9 
Send assembled unit and corners cut out to the Final Assembly & 
Finishing Station 
10 Assemble the corners into the stool part of the unit 
11 Coat unit in Polyurethane and inspect 
 
Table A- 2: Process Steps for Layout B  
Step # Process Description 
1 Raw materials incoming in sheets of plywood 
2 
Cut plywood into four 16in strips and two 13.75in strips using the 
panel saw and send to the table saw 
3 
Cut plywood into sections based on design dimensions using the table 
saw 
4 Send rectangular wood scrap to miter saw for cutting stool corners 
5 Send the panels to the Assembly Station 
6 Assemble sections into the unit 
7 Cut out the corners for the stool using the miter saw 
8 
Send assembled unit and corners cut out to the Final Assembly & 
Finishing Station 
9 Assemble the corners into the stool part of the unit 
10 Perform a quality check and any necessary sanding operations 
11 Coat unit in Polyurethane and inspect 
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Table A- 3: Process Steps for Layout C and Layout D  
Step # Process Description 
1 Raw materials incoming in precut boards of 16in and 13.75in 
2 
Cut plywood into sections based on design dimensions using the panel 
saw and panel saw stops and place sections into the organizational 
staging unit for the assembly process 
3 
Set rectangular wood scrap aside to take to miter saw for cutting stool 
corners and discard any additional scrap 
4 Cut the corners for the stool using the miter saw 
5 Take cut corners to the assembly table  
6 Assemble the stool and stool corners at the assembly table 
7 Assemble the base unit at the assembly table 
8 Send assembled units to the Polyurethane/Finishing Table 
9 
Perform any necessary finishing sanding operations on the assembled 
units 
10 Wipe down the units 
11 Polyurethane the units 
12 Set units in the finished goods area 
 
